African cichlids are an exemplary system to study organismal diversity and rapid speciation. Species differ in external morphology including jaw shape and body coloration, but also differ in sensory systems including vision. All cichlids have 7 cone opsin genes with species differing broadly in which opsins are expressed. The differential opsin expression results in closely related species with substantial differences in spectral sensitivity of their photoreceptors. In this work, we take a first step in determining the genetic basis of opsin expression in cichlids. Using a second generation cross between 2 species with different opsin expression patterns, we make a conservative estimate that short wavelength opsin expression is regulated by a few loci. Genetic mapping in 96 F2 hybrids provides clear evidence of a cis-regulatory region for SWS1 opsin that explains 34% of the variation in expression between the 2 species. Additionally, in situ hybridization has shown that SWS1 and SWS2B opsins are coexpressed in individual single cones in the retinas of F2 progeny. Results from this work will contribute to a better understanding of the genetic architecture underlying opsin expression. This knowledge will help answer long-standing questions about the evolutionary processes fundamental to opsin expression variation and how this contributes to adaptive cichlid divergence.
Understanding the genetic basis of adaptive phenotypic change has long been a central theme in evolutionary biology. Most traits of ecological relevance are quantitative and likely have a complex genetic basis. Despite the complex genetic architecture, significant progress has been made in elucidating the underlying genes, and in a few of the genetically simpler cases, causative mutations responsible for phenotypic evolution have been identified. Notable examples include male wing pigmentation patterns in Drosophila, skeletal reduction in sticklebacks, branching structure in maize, and coat color in beach mice, among others (Shapiro et al. 2004; Gompel et al. 2005; Clark et al. 2006; Hoekstra et al. 2006) . Unraveling the genes responsible for phenotypic variation has provided evolutionary biologists a wealth of information regarding multiple aspects of evolution. First, the molecular nature of the identified mutations has helped delineate the connection between genotype and phenotype (Gompel et al. 2005; Hoekstra et al. 2006) . Second, the relative contribution of the different kinds of mutations (coding changes or cis/trans-regulatory mutations) to phenotypic divergence has been revealed (Shapiro et al. 2004; Gompel et al. 2005; Clark et al. 2006; Hoekstra et al. 2006) . Third, the number, distribution, and the effect sizes of the contributing loci have been identified (Shapiro et al. 2004; Hoekstra et al. 2006) . Fourth, the elucidation of causative mutations has helped draw evolutionary inferences regarding the origin of the phenotypic trait (Shapiro et al. 2004; Gompel et al. 2005; Hoekstra et al. 2006) . Although causative loci of large effect have been identified, many of these involve morphological change and may not be characteristic of a broader set of traits (Hoekstra and Coyne 2007; Carroll 2008) . We have chosen to focus on sensory systems, as they may be somewhat complimentary to morphology as well as key to organismal behavior.
Sensory systems such as vision are highly amenable for genetic dissection because of the ease with which phenotype-genotype relationships can be tied to the ecology of the animal. Opsins, the workhorses of the visual system, are transmembrane proteins that together with a covalently coupled chromophore facilitate the perception of light (Wald 1935) . Absorption of light leads to a conformational change in the chromophore, initiating a signal transduction cascade resulting in neural output. The amino acid composition of the opsin, particularly those that interact with the chromophore in the retinalbinding pocket, determine its visual sensitivity (λ max -the wavelength at which the visual pigment is most sensitive) (Yokoyama 2008) . Many studies have pointed out that the sensitivities of visual pigments in the photoreceptors closely match their photic environment and are under selective pressures to enhance visual performance in different light conditions (Horth 2007; Collin et al. 2009; Davies et al. 2012) . Also, much work has been done to show that visual systems are optimized for tasks such as predator avoidance and identification of food sources (Osorio and Vorobyev 2008) . Additionally, in some organisms like fishes and butterflies, it has been established that visual pigments form the basis for female preferences in mate choice, thereby potentially contributing to phenotypic divergence (Cummings 2007; Briscoe et al. 2010) .
African cichlids are a classical example of adaptive radiation and provide an ideal template for studying the genetic basis of evolutionary change (Kocher 2004; Seehausen 2006; Salzburger 2009 ). These teleost fish are found throughout the rivers and lakes of Africa but are mostly focused in the 3 East African Great Lakes, namely Tanganyika, Malawi, and Victoria (Fryer and Iles 1972) . Each of these lakes display incredible variety, together exhibiting more than 1000 species that have arisen in the last few million years, making cichlids the largest extant vertebrate radiation (Albertson et al. 1999; Danley and Kocher 2001; Genner et al. 2007) . Cichlid species from the Great Lakes display unparalleled diversity in many morphological, behavioral and physiological phenotypes such as body coloration, trophic morphology, and parental care, among others (Albertson et al. 2003; O'Quin et al. 2012a) . One of the most impressive of these traits includes variation in their visual sensitivities that stems from the differential expression of cone opsin genes (the genes responsible for color vision) (Carleton and Kocher 2001; Spady et al. 2005; Parry et al. 2005) .
All cichlid species have 7 cone opsins, each conferring maximal sensitivity to a distinct part of the light spectrum ). These 7 cone opsins include SWS1 (ultraviolet-sensitive), SWS2B (violet-sensitive), SWS2A (blue-sensitive), RH2B (blue-green-sensitive), RH2Aα and RH2Aβ (green-sensitive), and LWS (red-sensitive). Similar to other fish, cichlids have both single and double cones in their retinas. SWS1, SWS2B, and SWS2A opsins are expressed in the single cones; the expression of RH2B, RH2A, and LWS opsins is confined to the double cones (Parry et al. 2005; Bowmaker et al. 2006; Carleton et al. 2008) . At any given time, adult cichlid species mainly express a subset (usually 3) of the 7 cone opsins in their retinas leading to large shifts in their spectral sensitivities. In Lake Malawi, we refer to the 3 main gene combinations as: short (SWS1, RH2B, RH2A), medium (SWS2B, RH2B, RH2A), and long (SWS2A, RH2A, LWS) (Carleton 2009; Carleton et al. 2010) . Additionally, some cichlid species show plastic changes in opsin expression induced by differences in light environments (Hofmann et al. 2010b ). Wild-caught Lake Malawi cichlids, when raised under fluorescent lights in the lab displayed small but significant changes in opsin expression, suggesting that rearing conditions may alter overall visual sensitivity.
To sum up, heterogeneity in cone opsin expression (both genetically determined and environmentally induced) may have led to the evolution of closely-related cichlid species that have their photoreceptors tuned to different parts of the light spectrum. The substantial variation in photoreceptor sensitivity is intimately connected to species ecology and serves to fine-tune cichlid vision in response to environmental and behavioral factors such as ambient light, foraging, and habitat preference (Jordan et al. 2004; Dobberfuhl et al. 2005) . Vision plays a vital role in cichlid mating with visual signals mediating male-male aggression and female mate choice (Dijkstra et al. 2005; Kidd et al. 2006) . For example, behavioral assays have demonstrated that while female cichlids exhibited species specific assortative mate choice when male color patterns were visible under normal light, nonassortative mating was observed when conspecific male pigmentation patterns were obscured under monochromatic light (Seehausen and van Alphen 1998) . Furthermore, plasticity in opsin expression may have improved the ability of cichlids to rapidly colonize new environments and facilitate ecological diversification (Hofmann et al. 2010b ). As such, any shifts in photoreceptor sensitivities due to opsin gene expression differences may contribute significantly to phenotypic divergence in this group.
Significant progress has been made to identify key transcription factors that are critical for photoreceptor differentiation. Much of this information has come from work using mouse knock-outs to test the effects of specific genes, but important factors have also been identified in other systems such as chicken and Xenopus (Adler and Raymond 2008; Swaroop et al. 2010) . For example, transcription factors such as retinoic acid receptor (RAR) are known to influence opsin gene expression in mice, fruit flies, fish, and humans (Browman and Hawryshyn 1994; Picking et al. 1996; Li et al. 2003; Roberts et al. 2005) . Fish typically have more cone opsins with representatives from all 4 vertebrate classes (SWS1, SWS2, RH2, LWS; cichlids have 7 cone opsins, and zebrafish have 8; Chinen et al. 2003) . Although it is well known that the RH2 and LWS tandem opsin arrays in zebrafish are mediated by cis-enhancers, work to understand the molecular mechanisms underlying the differential expression of cone opsin genes is just beginning (Tsujimura et al., 2007 (Tsujimura et al., , 2010 Mitchell et al. 2015) . The existence of closely-related species with variable opsin expression and the ability to make fertile hybrids makes cichlids a powerful system in which to study the genetic basis of opsin expression divergence in naturally occurring populations.
Despite the prominent role opsins play in the evolution of phenotypic diversity in African cichlids, little is known about the genetic mechanisms directing their expression. Due to their recent evolutionary history, all species from Lake Malawi have nearly identical coding sequences for all the 7 cone opsins . Preliminary studies of the opsin proximal promoters and noncoding elements located close to opsins suggest that these regions are highly conserved (O'Quin et al. 2010 ). Large differences in visual sensitivities in cichlids are achieved not by changing the coding sequence of the opsin but by altering the combination of expressed opsin genes (Carleton 2001) . To identify the genes responsible for the differential expression of cone opsins, a genetic cross between 2 species (Tramitochromis intermedius and Aulonocara baenschi) with varying opsin combinations was previously made in our lab . A quantitative trait locus (QTL) study conducted on the F2 progeny of the cross revealed 5 loci contributing to the opsin expression differences between the 2 parental species (O'Quin et al. 2012b ). All 5 of these identified loci are located in trans far from the opsin genes. Subsequent fine-mapping of one of the loci has indicated that the retinal anterior neural fold homeobox-1 (Rx1), a transcription factor known to be involved in photoreceptor specification, controls SWS2A expression (Schulte et al. 2014) . We recently identified a ~400 bp deletion in the promoter of the Rx1 gene (2.5 kb upstream of the start site) as the causative mutation. Specifically, this deletion explains 62% of variation in SWS2A expression among 53 Lake Malawi species (with different opsin expression patterns) (Schulte et al. 2014) .
In the present study, we have made another experimental cross between 2 Lake Malawi species-Metriaclima mbenji and A. baenschi (MA cross). The goals of this study are 4-fold-1) We aim to characterize opsin expression variation in the parents (F0) as well as the F1and F2 of the cross. 2) We want to estimate the number of genes regulating opsin expression differences between the 2 species. This will help with establishing the feasibility of a future QTL study to map contributing genes. Due to the ease with which opsin expression changes from one species to another within the recently arisen Malawi flock, we hypothesize that opsins are controlled by a few factors of large effect. 3) We test for association with genetic markers located in close proximity to the opsins to check for evidence of cis-regulation to explain the differences in opsin expression. 4) We utilize in situ hybridization to show that single cone opsins are coexpressed in individual cone cells in a sample of F2 progeny. Results from this study provide insights into the molecular mechanisms by which opsin expression varies throughout the cichlid flock of Lake Malawi.
Materials and Methods

Parental Species
Metriaclima mbenji (MM) and Aulonocara baenschi (AB) are 2 species from Lake Malawi that diverged from a common ancestor less than a million years ago (Meyer 1993 ). In the lake, both species occupy different microhabitats and have different styles of feeding. While MM are omnivorous rock-dwellers, AB live in habitats intermediate between sand and rocks where they forage predominantly on small invertebrates (Konings 2007) . Despite their very different habitat and behavior, Aulonocara are phylogenetically close to Metriaclima (Moran et al. 1994) . In terms of opsin expression, wild-caught MM expresses the short gene combination with SWS1 in the single cones plus the RH2B and RH2A in the double cones. When previously reared in the lab under fluorescent lights, substantial shifts in expression have been observed in both single and double cones (Hofmann et al. 2010b ). Wild-caught AB has the medium opsin combination with SWS2B in the single cones and expression of RH2B and RH2A in the double cones. Whether AB shows changes in opsin expression when raised in the lab is currently unknown and needs to be determined.
Retinas from wild-caught individuals used in this study were collected during a field expedition to southern Lake Malawi. MM individuals (n = 10) were sampled from Mbenji Island (13°26′23.50″S 34°29′35″E) in 2008 and were used previously in Hofmann et al. (2010b) . AB individuals (n = 7) were obtained from Nkhomo reef (13°0.964′S 34°20.114′E) in 2012. Immediately after capture, the fish were euthanized and retinas were dissected at the field research station and stored in RNAlater for subsequent phenotyping. During the 2008 field trip, live adult MM collected from the same population were brought back to our aquaculture facility at the University of Maryland and bred in the lab for one generation. Lab-reared AB were obtained from the aquarium trade in 2005 and bred in the lab for a few generations. Subsequently, adult lab-raised MM (n = 10) and AB (n = 10) sampled from individual broods of each species were phenotyped for opsin expression Hofmann et al. 2010b ). All sampling for both wild-caught and labreared individuals was conducted in random with respect to sex. Student's t-tests were performed in R version 3.2.3 (R Foundation for Statistical Computing, Vienna, Austria) to test for significant differences (P < 0.05) in the mean expression of opsins between wildcaught and lab-reared fish.
Hybrid Cross
Cichlid species will often interbreed in lab conditions to produce fertile progeny. F1 hybrids of the MA cross were obtained by crossing a single MM female to a single AB male. MM parental specimen used for the cross was third generation lab-raised progeny generated from a wild-caught stock maintained in the aquaculture facility. The AB parent of the cross was multiple generation progeny generated from fish obtained from the aquarium trade. Around 40 F2 families (~350 F2 hybrids) were spawned from 11 F1 parents-one sire and ten dams breeding freely. In the present study, we used a total of 210 individuals-10 each of the parental species (MM and AB), 24 F1 and 166 F2 hybrids comprising 12 F2 families. Sampling of F1 and F2 hybrids was random with respect to sex. All animals used in this study were at least 6 months old (cichlids attain sexually maturity at 6 months of age and are considered adults). It should be noted that the F0 individuals used in this study could be older than the F2 hybrids. However, previous work in other closely related lab-reared cichlids (M. zebra, D. compressiceps, T. intermedius, and outgroup Tilapia) showed that opsin expression is labile during development, but remains unchanged once they attain adulthood (Carleton et al. 2008) .
Phenotyping Opsin Expression and Correlations among Opsin Genes
After euthanizing the animals with MS-222, whole retinas were isolated from both eyes and placed in RNAlater. Cichlid opsin expression has been shown to vary with time of day, though the opsins are generally correlated in their circadian variation (Halstenberg et al. 2005) . To minimize variation in opsin expression due to time of day, all dissections were performed between 3 PM and 5 PM. Total RNA was extracted from the dissected retinas using the QIAshredder and RNeasy kits (Qiagen, Valencia, CA). 0.5 μg of the total RNA was reverse transcribed with Superscript III (Invitrogen, Carlsbad, CA) to make cDNA. This cDNA template was then used to quantify gene expression with quantitative RT-PCR utilizing opsin-specific Taqman primers and probes according to our previously published methods Carleton 2011; Hofmann et al. 2010b; Dalton et al. 2015) . RT-PCR Taqman primers and probes for each opsin are provided in Supplementary Table S1 . Similar to our earlier studies, a construct containing 6 opsin fragments was used as a control. All RT-PCR reactions were performed in duplicate. Single and double cones differ in which opsins they express; therefore, gene expression was normalized as a percent of total opsin expression within each cell type separately. For example, the fraction, f, of SWS1 expression in the single cones is calculated as:
where T is the transcript level for each of the single cone opsin genes. Similarly, the fraction of LWS opsin expression in double cones is:
Since the expression of each opsin was normalized to the total opsin expression in single and double cones separately, we expect to find some inherent correlations in expression between the genes of each cone type. Regardless, correlation analyses among F2 expression of all opsins were performed in R (R Foundation for Statistical Computing). Correlations were deemed significant for P <0.05 and also corrected for multiple comparisons (Bonferroni correction) ( Table 2 ).
Calculating Number of Genes Controlling Expression
The Castle-Wright estimator was used to calculate the number of genetic factors mediating opsin expression (Lande 1981; Lynch and Walsh 1998) . According to this method, the number of loci responsible for phenotypic differences between the parental lines is:
where N e is the number of effective factors, μ is the mean gene expression in each parental species MM or AB, and σ is the variance in gene expression in the parentals (MM and AB), F2 and F1. As the opsins are normalized relative to each cone type, the Castle-Wright estimates obtained for each opsin within single and double cones are not independent. The estimator is based on multiple assumptions, including that the loci are unlinked, all loci have equal allelic effects, the alleles act additively and that the alleles increase the trait in one parent and decrease it in the other. It is possible that one or more of these assumptions might be violated in the cross leading to an underestimation of the number of factors. Additionally, we also estimated the degree of dominance in this cross from the mean expression in F1 hybrids and the parentals. Dominance is calculated individually for each opsin gene as:
where μ is the mean expression in F1 or in one of the parents, AB and MM. In the presence of dominance, the effective number of factors as calculated by the Castle-Wright estimator changes. If h = d + 0.5, the number of factors now become: 
Localization of Opsin in the Single Cones
To determine whether individual singe cone cells coexpressed SWS1 and SWS2B, we performed dual-labeling fluorescent in situ hybridization on whole retinas of 4 F2 hybrid individuals according to published methods (Barthel and Raymond 2000; Dalton et al. 2014) . Briefly, following euthanasia, retinas were removed and fixed in 4% paraformaldehyde. We used DIG or fluorescein labeled riboprobes that were designed specifically to the full coding sequences of SWS1 or SWS2B. Probe signals were localized by sequential tyramide signal amplification using Alexa Fluor 594 and 488 dyes (Invitrogen) and visualized on a Leica DM 5500B epifluroescence microscope (Leica Microsystems, Wetzlar, Germany). In each individual, 50 single cones were identified by their morphology and examined to determine whether they expressed either or both SWS1 and SWS2B.
Testing for Cis-regulation
To check for evidence of cis-regulation contributing to the differences in opsin expression between the 2 species, we genotyped microsatellite markers located in close proximity to the opsins. In cichlids, the opsin genes are positioned in 3 genomic regions (Lee et al. 2005) . The SWS1 gene is located on linkage group (LG) 17, SWS2A-SWS2B-LWS and RH2B-RH2Aα-RH2Aβ form 2 separate tandem arrays on LG5. The SWS2A tandem array is 18 kb long and separated from the 26 kb long RH2B array by 30 cM. The details of each marker (location and primer sequences) are provided in Supplementary Table S2 . The cichlid genetic map is 1300 cM long with each cM roughly corresponding to about 750 kb (genome size~10 9 bp) (Lee et al. 2005) . Thus, all the microsatellite markers used in this study are well within 1 cM and therefore are in tight linkage with the opsins. Around 96 individuals were genotyped for each microsatellite marker and association between marker genotype and opsin expression was tested using analysis of variance (ANOVA) with a significance level of P <0.05 in R (R Foundation for Statistical Computing). For any positively associated marker, a regression analysis of the phenotype (opsin expression) with associated marker genotype was subsequently performed in R to quantify the fraction of variation in expression.
Results
Opsin Expression in the Parental Species
Consistent with the previous study (Hofmann et al. 2010b ), qRT-PCR results indicate expression differences between lab-reared and wild-caught MM individuals ( Figure 1A ). Noteworthy changes are observed along the SWS1-SWS2B axis, with a significant decrease in the expression of SWS1 (t-test, P = 2.01E −9
) and an increase in SWS2B expression (t-test, P = 1.55E −10 ) in lab-reared fish. Changes are also observed along the RH2B-RH2A axis in the double cones with an increase in RH2B (t-test, P = 0.00009) and a decrease in RH2A expression (t-test, P = 7.82E −6 ). Expression of LWS opsin increased slightly in the lab MM, but was not statistically significant. On the other hand, no significant differences in opsin expression were observed between wild-and lab-raised AB individuals ( Figure 1B) . Only in SWS2A were there statistically significant differences between lab-reared and wild-caught individuals, but the levels of SWS2A expression in both AB and MM are likely too low (less than 1%) to contribute to visual function.
Opsin Expression in the Hybrid Cross
Opsin gene expression was highly variable among the 24 F1 and 166 F2 individuals in the MA cross. The means and variances of expression values for the single (SWS1, SWS2B, SWS2A) and double cone opsins (RH2B, RH2A, LWS) are given in Table 1 . As expected from the F0 (MM and AB), there was no significant expression of SWS2A in the F2 hybrids (Figure 2A ). Mean levels of SWS1 expression in both F1 and F2 were similar to the parental AB phenotype ( Figure 2B ). Likewise, a strong dominance was observed in the SWS2B expression, with both the F1 and F2 hybrids showing levels similar to that of the AB parent ( Figure 2C ). Compared to the single cones, both F1 and F2 hybrids showed higher variance in expression levels of RH2B, RH2A, and LWS opsins. Both the average expression of RH2A and RH2B in F2 was closer to the AB parent ( Figure 2D, E) . In contrast, expression of the LWS was transgressive, with the F2 hybrids extending slightly beyond the phenotypic range of the parents ( Figure 2F ).
All the opsin correlations are provided in Table 2 . As expected, in the single cones of the hybrid cross, there is a negative correlation between expression of SWS1 versus both SWS2B and SWS2A. Similarly, in the double cones there is a negative correlation between RH2A versus both RH2B and LWS. In this study, there exists only one correlation between single and double cone opsins that is independent of normalization-a significant negative correlation between RH2B and SWS2A that is not likely to be biologically relevant due to the low SWS2A expression.
Castle-Wright Estimates of Genetic Factors Controlling Opsin Expression
Based on the means and variances in opsin expression in the three generations (F0, F1, and F2), we have calculated the number of factors mediating each opsin (Table 3 ). The Castle-Wright equation provides an estimate of 5.75 genes regulating SWS1 and 5.64 genes for the SWS2B opsin. Consistent with the low levels of SWS2A expression in this cross, the estimator computed that 0.11 genes are controlling it. In the double cones, for the RH2B, RH2A, and LWS opsins, the Castle-Wright equation provided an estimate of −0.83, −0.13, and 0 genes, respectively. The low and negative estimates of genetic factors for the double cone opsins arises from the fact that the expression values for these opsins exhibit high variance in F1 and F2 hybrids relative to the mean difference between the parental species (Table 1) (Table 3) . Dominance values usually range from −0.5 to 0.5 and the skewed value obtained for the RH2B is indicative of the decreased mean expression in the F1 and F2 hybrids relative to the parents. Similarly, calculated dominance for LWS is impacted by transgressive expression in the F1 and F2 individuals. Dominance values for the SWS1, SWS2B, and RH2B opsins are positive and closer to AB parental expression levels, dominance in SWS2A and RH2A is negative, leaning toward the expression in MM parent. Inclusion of the dominance values has a moderate effect on the number of effective factors controlling expression for SWS1 and SWS2B, raising the number to 8.39 genes for both the opsins (Table 3) . For SWS2A, RH2B, and RH2A, dominance has negligible effect on the number of genetic factors. The number of genetic factors for LWS reaches 4.17, likely an artifact from the abnormal calculated dominance.
Opsin Coexpression in the Single Cones
The cichlid retina is composed of a regular mosaic comprising four pairs of double cones surrounding every single cone (Fernald 1981) . In situ hybridization indicated that whenever SWS1 was expressed, it was coexpressed in a single cone that also expressed SWS2B (Figure 3) . Although 3 of the 4 F2 hybrids tested expressed SWS1 opsin, the frequency of SWS1 expression varied both overall among individuals and spatially across their individual retinas. However, all single cones in all 4 individuals examined showed SWS2B expression.
Testing for Cis-regulation of Opsins
Three markers, one located in close proximity to each of the 3-opsin arrays (SWS1, RH2B-RH2Aα-RH2Aβ, and SWS2A-SWS2B-LWS), were tested in 96 F2 hybrids for association with all the opsins. Only one marker (SWS1_37372) tested significant for association with SWS1 (P = 1.61E −09
) and SWS2B (P = 8.35E −09 ). This positively associated marker is located in the third intron of the SWS1 gene and suggests that cis-regulation might be important for the expression of SWS1. However, it is to be noted that with the ~0.5 cM resolution resulting from genotyping 96 F2 individuals, genomic blocks of at least 400 kb will be inherited together (cichlid genetic map is 1300 cM with each cM roughly corresponding to 750 kb). By testing for a marker located in the third intron of the SWS1 gene, we are testing for the presence of a cis-acting factor located within that 400 kb block. It might be possible that other gene/s located within that interval could also be contributing to the difference in SWS1 expression. We quantified the fraction of variation in SWS1 expression by performing a regression analysis of SWS1 expression on genotype at the SWS1_37372 marker in the F2 individuals (MM/MA/AA; Figure 4 ). In the hybrid cross, this tightly linked marker explained 34% of the variation. However, it should be cautioned that this number could be an overestimate as a consequence of the Beavis effect that states that the proportion of phenotypic variances associated with identified QTL are greatly overstated with a small sample of progeny (Beavis 1998) . We found no evidence of cis-regulatory factors that explain the differences in opsin expression between the 2 parents of the cross, for either the SWS2A-SWS2B-LWS or the RH2B-RH2Aα-RH2Aβ tandem arrays, both of which are located on LG5. The dominance (d) and estimated with effects of dominance (N e, dom ) were listed.
a Dominance values usually range from −0.5 to 0.5. The abnormal dominance values are due to decreased mean expression in the F1 and F2 hybrids relative to the parents.
Discussion
Plasticity in Opsin Expression
Using quantitative PCR, we have shown that light-induced plasticity differences occur in some cichlid species but not in others. AB showed no changes in opsin expression between wild caught and lab reared conditions but MM demonstrated significant expression differences. These observations agree with previous results in the lab that showed that the magnitude of plasticity varies between several Lake Malawi species (Hofmann et al. 2010b) . When compared to solar illumination (>50 000 lux; decreases exponentially with depth), fluorescent lights in the lab are two orders of magnitude lower in intensity (500 lux), and more crucially, deficient in ultraviolet (UV) wavelengths (<400 nm) (Hofmann et al. 2010b ). The net result of this UV deficiency is that the quantum catches of single cones with SWS1 visual pigment is reduced to negligible levels. The altered light spectrum might induce the expression of additional opsins as a plastic response to increase the amount of light collected by the photoreceptors in certain species. This might explain the reason for the simultaneous decrease in SWS1 and an increase in SWS2B expression in MM. SWS1 is never expressed in adult AB, therefore no such deficits in quantum catches ever occur, so plastic changes might not occur in this species.
Co-expression in the Single Cones
Using fluorescent double-labeling SWS1 and SWS2B mRNA probes; we have shown that some single cones in the retinas of F2 hybrids coexpress SWS1 and SWS2B opsins. These results add to the growing list of studies that report expression of multiple opsins in single photoreceptors (Applebury et al. 2000; Parry and Bowmaker 2002; Rajkumar et al. 2010; Ogawa et al. 2012 ). Even more importantly, these results complement our previous work to examine coexpression in both single and double cones in the closely related Metriaclima zebra, where we showed that coexpression exhibits a spatial distribution in the retina that tunes the sensitivity of specific retinal regions to the different background spectra that they view in the lake (Dalton et al. 2015 (Dalton et al. , 2017 . It is known that the presence of 2 opsins in the same cell broadens its spectral range, thereby increasing the quantum catch of the photoreceptors and serving as an adaptation for the retina to catch more light (Dalton et al. 2014) . This is particularly relevant in the present study as the F2 hybrids are reared in the lab where light intensity is much lower than in the wild. One potential downside to the coexpression of opsins is a decrease of spectral opponency that reduces the ability to discriminate colors (Jacobs et al. 2004; Dalton et al. 2017) . Behavioral experiments that test the ability of cichlids to discriminate wavelengths are currently in progress in the lab. It would be interesting to test if F2 hybrids with varying levels of coexpression show differences in color perception. The SWS1 opsin is located on LG17 and the SWS2B opsin is present on LG5 (Lee et al. 2005) . Coexpression of these 2 opsins in the same cell might be mediated by a common transcription factor that binds to specific sites in the promoters of both the opsins. As such, work is currently in progress to determine if the promoters of these opsins have any shared identity.
Opsin Expression Is Controlled by a Few Genes
As a first step toward understanding the genetic basis of opsin expression in this cichlid cross, we used the Castle-Wright estimator to predict the number of genes underlying the interspecific differences in expression. This widely used method provides a minimum number of genetic factors underlying a trait and is based on the amount of segregational variance occurring in a cross (Lynch and Walsh 1998) . The Castle-Wright estimator assumes fixed differences between the parents, additive gene action, equal allelic effects and unlinked loci. Despite these stringent assumptions, several modeling and quantitative trait loci studies have suggested that the estimator functions fairly well (Otto and Jones 2000; Peichel et al. 2001; Westerbergh and Doebley 2002) . When the number of factors is low, sample sizes are high and the parental populations differ by several standard deviations, the Castle-Wright estimate is close to the number estimated from full QTL analyses (Otto and Jones 2000; Zeng 1992) . Within cichlids, this method has been successfully applied to a variety of phenotypes such as jaw morphology and pigmentation traits (Albertson et al. 2003; O'Quin et al. 2012a ). In our own work, using the Castle-Wright equation, we previously estimated that around 10-12 genes underlie opsin expression differences in a hybrid cross between A. baenschi and T. intermedius . A follow-up QTL study on the F2 hybrids of the same cross, using RAD-seq tags identified 11 QTL contributing to the differing expression of opsin genes, suggesting that the Castle-Wright estimator is relatively robust and can be applied to F2 crosses between phenotypically divergent species (O'Quin et al. 2012b) . In all cases, the number of genetic factors should be considered as a lower bound on the total number of loci controlling the trait of interest.
In the MA cross, we find that the number of genes controlling the opsins is relatively small with 6 genes for each of the SWS1 and SWS2B opsins. Both these opsins show a dominant mode of inheritance in the MA cross which on inclusion in the Castle-Wright equation brings up the number of factors to 8 for each of these opsins. Consistent with negligible levels of expression in the parents as well as the hybrids, the estimator computes zero contributing factors for the SWS2A opsin. The skewed estimates obtained for the double cone opsins (RH2A, RH2B, and LWS) imply that one or more assumptions underlying the Castle-Wright estimator may not have been fulfilled in this cross suggesting that perhaps the genetic architecture underlying double cone opsins is more complicated. A more complete QTL study may provide some insights as to which of the assumptions have been violated. From this point forth, all discussion will focus on the 2 single cone opsins, SWS1 and SWS2B.
Since expression of each opsin (SWS1 or SWS2B) in the cross is characterized as a fraction of total expression in single cones (SWS1 + SWS2B + SWS2A), Castle-Wright estimates obtained for the SWS1 and SWS2B opsins are not independent of each other. Due to negligible levels of SWS2A expression in the cross, expression of SWS1 and SWS2B opsins becomes inversely correlated. In other words, as expression of SWS1 increases, SWS2B expression decreases and viceversa. Thus, in the MA cross, approximately 8 loci seem to be regulating the expression of the SWS1 and SWS2B opsins. However, we hypothesize that the actual number of factors mediating the expression of these 2 opsins might be lower than the estimated number due to 2 main reasons. First, we show that SWS1 and SWS2B are being coexpressed in the same cone in F2 hybrids. Since the 2 opsins are expressed in the same cell, their expression might be mediated by a common set of genetic factors. Second, the plasticity assay in M. mbenji individuals points to the existence of a trade-off between the expression of SWS1 and SWS2B opsins. This leads us to speculate the presence of other factors that activate the expression of one opsin while repressing the other. Taken together, these reasons suggest that expression divergence along the SWS1-SWS2B axis may require coordinated changes at multiple loci, at least some of which might directly regulate the expression of both opsins.
One goal of this work is to ascertain the feasibility of a future QTL study to map the genomic loci that control opsin expression. The estimated number of genes identified here supports conducting a QTL study to map loci for expression divergence along the SWS1-SWS2B axis between M. mbenji and A. baenschii. According to Beavis (1998) , 1 standard deviation (SD) difference between the expression levels of the parents gives enough power to detect one QTL in 200 individuals. Using that rule, we speculate that an experiment with 200 F2 hybrids should provide sufficient power to detect at least multiple, if not all, of the 8 genetic determinants for the opsins (11 SDs difference between AB and MM for both SWS1 and SWS2B opsins).
Genetic Regulation of Opsins
Experimental work in humans, rodents, and fish have identified that both cis and trans regulation might be important for opsin expression (Chen et al. 1994; Chiu and Nathans 1994) . Locus control regions, which are cis-regulatory modules, have been implicated in controlling the differential expression of opsins in primates and zebrafish (Wang et al. 1992; Tsujimura et al., 2007 Tsujimura et al., , 2010 . Similarly, several transcription factors such as thyroid hormone receptors and RARs have been shown to modulate the expression of opsins (Swaroop et al. 2010) . These transcription factors are usually located in genomic regions far from the opsins and facilitate gene expression by binding to specific sites within opsin promoters.
In the present study, we found a statistically significant association of SWS1 opsin expression with a marker located in the third intron of the SWS1 opsin gene. This marker explains 34% of the variation in expression of SWS1 between the parents, and points to the possibility of the existence of a cis factor contributing to SWS1 expression differences between the 2 parents of the cross. This is surprising because previous hybrid crosses in the lab have suggested that differential cone opsin expression in cichlids is not controlled by cis-regulatory regions adjacent to the opsin but are controlled by trans loci located elsewhere in the genome (O'Quin et al. 2012b; Schulte et al. 2014) . Currently, we are fine-mapping this region with microsatellite markers interspersed at regular intervals. Besides confirming the positive association, fine-mapping will help narrow the region enough to determine whether there is truly a cis-factor in the SWS1 regulatory region or another gene acting in trans but closely located near SWS1. It should be pointed out that the significantly associated marker only partially explains the variation in expression, so there are likely additional factors acting in trans that will hopefully be identified in a full QTL study.
Genetic Architecture Underlying Opsin Expression
Previous studies have indicated that opsin expression in cichlids varies considerably. Besides intergeneric differences, sister species from Lake Malawi often have dissimilar expression profiles (Carleton 2009; Hofmann et al. 2009 ). Furthermore, some species show developmental variation in opsin expression with different opsins being expressed at different life stages (Carleton et al. 2008) . Adding to the variation in opsin expression are the plasticity-induced changes as shown in the present study. The ease with which opsin expression changes within and between species in cichlids suggests that opsin expression has a relatively simple genetic architecture. Additionally, population sizes in cichlids are small, implying that selection must be strong to overcome drift (Won et al. 2005; Husemann et al. 2015) . Thus, it makes sense that a few genes control a strongly labile phenotype such that this trait can respond to selection rapidly. Results from the current study lend support to this hypothesis with 8 loci regulating differential expression of the single cone opsins (SWS1/SWS2B) in an intergeneric cross. The lability in opsin expression permits drastic differences in visual sensitivity among closely related Lake Malawi cichlid species. This might have enabled them to rapidly adapt to changing photic environments or to different modes of foraging.
Out of the 8 loci estimated for the single cone opsins from the Castle-Wright equation in this study, it is noteworthy that we have already recognized one locus in cis to the SWS1 gene that explains SWS1-SWS2B expression divergence. This is interesting because SWS1 expression has been previously shown to be correlated with foraging (Hofmann et al. 2010a; O'Quin et al. 2010 ). Compared to benthic feeders and piscivores, zooplanktivorous species in Lake Malawi have increased SWS1 expression. Additionally, behavioral evidence indicates that removal of UV illumination lengthened the duration of finding prey in UV sensitive cichlids (Jordan et al. 2004) .
Particularly intriguing is the transgressive segregation of the LWS opsin in this cross. Transgressive segregation is a common phenomenon in cichlids and has previously been observed in hybrid crosses for a variety of phenotypes such as jaw morphology and color patterns (Albertson et al. 2003; Albertson and Kocher 2005; Stelkens et al. 2009; Egger et al. 2012) . Although caused by several factors, the simplest explanation for transgressive segregation is the presence of 2 loci with antagonistic effects controlling a trait (Rieseberg et al. 2003) . It is possible that alleles at opposing loci cancel each other out such that the parental lines show no expression of the trait. Consequently, a combination of parental alleles with effects in the same direction can lead to transgressive expression in the hybrids. If this is indeed the case, future QTL studies will help identify the "plus" and "minus" loci for LWS expression.
Conclusion
The diversity that characterizes the African lake cichlids makes them an excellent system to address questions regarding adaptive radiation and the evolution of spectral tuning mechanisms. Important future directions include a comprehensive QTL study to identify all the loci responsible for the differential expression of opsins. Knowledge about the proximate genetic mechanisms will provide us a chance to draw inferences regarding the evolution of opsin expression in cichlids, a trait that differs between species and has fitness consequences based on foraging, environmental preference and mate choice. The effects of selection and drift on opsin expression variation could then be readily tested.
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